Abstract Human ischemic cardiomyopathy is characterized by de novo cardiomyogenesis, which is limited to the surviving portion of the ventricle, and by organ hypertrophy that develops as a chronic response to ischemic injury. Although myocyte hypertrophy and myocyte regeneration restore the original myocardial mass, the coronary vasculature remains defective and the extent and regulation of myocardial perfusion are severely impaired. Recently, vascular stem cells (VSCs) have been identified in the coronary circulation. VSCs express c-kit and the vascular endothelial growth factor receptor-2, KDR. These cells are self-renewing, clonogenic, and multipotent in vitro and in vivo. In animal models of critical coronary artery stenosis, VSCs form large conductive coronary arteries and their distal branches. This degree of vasculogenesis replaces partly the function of the occluded coronary artery improving myocardial perfusion and positively interfering with the development of the post-infarction myopathy. Cell therapy directed to the restoration of the integrity of the coronary circulation, the replacement of atherosclerotic coronary vessels, or both, would change dramatically the goal of cell therapy for the ischemic heart: the prevention of myocardial injury would become the endpoint of cell therapy rather than the partial recovery of established damage.
Introduction
Acute and chronic post-infarction heart failure is characterized by de novo cardiomyogenesis which, however, is limited to the surviving portion of the ventricle [1] [2] [3] . Small areas of spontaneous myocardial regeneration which invade the infarct shortly after the ischemic event have been identified [3] . Newly formed cardiomyocytes together with myocyte hypertrophy expand the viable myocardium, reconstituting a significant portion of the lost tissue. At times, the growth response exceeds the magnitude of the infarct [4] , but organ hypertrophy typically shows a defective coronary vasculature with alterations in the extent and regulation of myocardial perfusion [5] . Abnormalities in the balance between oxygen demand and supply have been viewed as critical determinants of the evolution of the human disease. Pathology of the coronary circulation, in combination with humoral, mechanical, and biochemical factors, sustains the ischemic myopathy and conditions its evolution to terminal failure [6] . Cell therapy directed to the restoration of the integrity and/or the replacement of atherosclerotic coronary vessels would change dramatically the goal of cell therapy for the ischemic heart: the prevention of myocardial injury would become the endpoint of cell therapy rather than the partial repair of established damage.
The recognition of progenitor cells with vasculogenic potential raises the possibility that the evolution of coronary artery disease (CAD) may be delayed or reversed by restoring the integrity of the vessel wall. The activation of vascular stem cells (VSCs), distributed throughout the coronary circulation, may replace atherosclerotic lesions with stem cell-derived smooth muscle cells (SMCs) and endothelial cells (ECs), restoring the integrity of the vessel wall. If reverse remodeling of preclinical atherosclerosis becomes feasible, primary prevention of CAD would be accomplished, markedly attenuating the incidence of acute myocardial infarction and chronic ischemic cardiomyopathy.
Prenatal vasculogenesis
During embryogenesis, the formation of vessels is critical for the proper arrangement of organ architecture. The first vascular structures appear in the embryo soon after gastrulation and consist of small aggregates of mesodermal progenitors. Cells in these clusters, known as blood islands, undergo partial lineage commitment giving rise to an external layer of endothelial precursors and a central core of hematopoietic precursors [7] . The spatially and temporally close developmental association of endothelial and hematopoietic cells in mammals and avian species strongly suggests that these two lineages share a common precursor [8] . However, the original observation concerning the derivation of blood and vascular cells from a common bipotent progenitor has been challenged and yolk sac blood islands were found to derive from multiple clonal unipotent precursors [9] .
In avian species, hemangioblasts are considered critical for the development of the coronary circulation [10] . Hemangioblasts reside in the extracardiac structure named proepicardium which is located near the venous pole of the heart early in development. Myocardium-derived bone morphogenetic protein signals regulate the protrusion and attachment of the proepicardium to the looping heart tube [10] . Hemangioblasts migrate from the proepicardium to the avascular heart tube, giving rise first to the primitive epicardium and subsequently to the endothelial and smooth muscle layers of the coronary blood vessels. Endothelial precursors coalesce to form a primitive vascular plexus which undergoes extensive remodeling and patterning to form a network that resembles the mature coronary artery tree.
In the mouse, the identification of an equivalent hemangioblast with both hematopoietic and vascular potential during gastrulation remains controversial [11] . Support in favor of the existence of the hemangioblast during mouse development has been provided by embryonic stem cell differentiation studies in vitro [8] . The embryo-derived hemangioblasts correspond to a subpopulation of mesoderm that co-expresses brachyury and flk-1. Hemangioblasts are found at highest frequency in the posterior region of the primitive streak, indicating that the initial stages of haematopoietic and vascular commitment occur before blood island development in the yolk sac [8] . However, the recent identification of clusters of hematopoietic stem cells (HSCs) attached to the endothelium of the dorsal aorta has led to the hypothesis that the hemangioblast generates hematopoietic cells through the formation of a hemogenic endothelium intermediate [12, 13] . The transition from hemogenic endothelium to HSCs has been documented by in vivo imaging in the zebrafish embryo [12] . Moreover, time-lapse confocal imaging of thick slices of mouse embryo has demonstrated the dynamic emergence of phenotypically defined HSCs directly from ventral aortic hemogenic endothelial cells [13] . These data challenge the concept of the hemangioblast as a cell of mesenchymal or mesodermal origin that can give rise to both blood cells and the endothelium.
In spite of this controversy, the vascular endothelial growth factor receptor-2 (VEGFR-2), flk-1/KDR, is considered an essential clue for vessel formation. The flk1 double mutant mice are embryonic lethal with no appearance of blood or blood vessels [14] . Importantly, the VEGFR-2 is the earliest marker of angioblast precursors, potentially identifying not only hemangioblasts [15] but also progenitors with broader mesodermal potential [16] . During embryonic development in the mouse, flk-1-positive cells have been isolated and found to possess the ability to acquire in vitro multilineage differentiation including the cardiomyocyte and SMC phenotypes [17] . The endocardium and a population of cells in the myocardium originate from a pool of flk-1-positive cells, suggesting that endothelial and myocardial lineages develop, at least in part, from a common progenitor [18] . Using the embryonic stem cell differentiation model, multipotent flk-1 cardiovascular progenitors have been identified; these cells generate colonies of ECs, SMCs, and myocytes [17] .
Collectively, these results suggest that in the embryo, the growth of flk-1 progenitor cells may exceed hematopoiesis and vasculogenesis. However, questions have been raised on the multipotentiality of flk-1 primitive cells [19] . Whether the expression of flk-1 early in the embryo is linked to a multipotent mesodermal progenitor cell, which subsequently specializes in distinct mesodermal lineages, remains to be determined. Similarly, it is unknown whether flk-1 is restricted to multipotent stem cells in the adult organism, although its expression has been linked to the multipotentiality of cell lines derived from adult bone marrow [20] and embryonic dorsal aorta [21] .
Dynamic cardiomyogenesis characterizes the response of the damaged heart prenatally and shortly after birth. During gestation, the embryonic fetal heart can react to various types of tissue injuries including toxin exposure, maternal malnutrition, and ischemia by activating a compensatory growth response [22] . In the adult zebrafish, cardiac regeneration takes place after resection of up to 20% of the ventricle. Traditionally, muscle reconstitution in this model has been considered to be mediated by cardiomyocyte proliferation [23] while vasculogenesis is dictated by the migration of epicardial-derived stem cells to the newly formed myocardium [24] . A spontaneous regenerative response has been observed after surgical resection of the apex of the left ventricle in the neonatal mouse heart [25] . Again, cardiomyocyte proliferation was viewed as the crucial cell process, promoting cardiac repair.
Postnatal vasculogenesis
In adulthood, functionally competent vascular structures provide blood supply to the entire organism. In contrast to an active vessel growth in the embryo, it is generally assumed that adult coronary vessels are quiescent. However, expansion of the coronary vasculature continues postnatally to accommodate myocardial thickening that results from physiological myocyte proliferation and hypertrophy. In the early stages of postnatal life, the growth of the capillary microvasculature exceeds the growth of the muscle mass [26] . Murine capillary density increases three-to fourfold in the first 3 weeks of life and the number of arterioles approximately tenfold [27] . The insertion of new capillaries among the myocytes increases the ratio of capillary profiles-to-myocyte profiles from a value of ∼0.3 at 11 days after birth to 0.8-0.9, typical of the adult organ [5] . This process maintains relatively constant, the average intercapillary distance from the second week of postnatal growth to adulthood.
A certain degree of vascular growth is considered possible after tissue injury [27] . This process can be mediated by three separate mechanisms: (a) angiogenesis that corresponds to the sprouting of mature ECs from preexisting vessels in response to angiogenic growth factors [27] ; (b) vasculogenesis that corresponds to the sites of active neovascularization being mediated by the migration of circulating endothelial progenitor cells (EPCs) from the bone marrow [28] ; and (c) adaptive arteriogenesis or collateral vessel formation that corresponds to the development of large vessels from pre-existing arteriolar anastomoses [27] . The latter is triggered by shear stress which upregulates angiogenic and inflammatory factors. At the site of tissue vascularization, ECs are assumed to originate from the intima of adjacent pre-existing blood vessels while SMCs are recruited from a pool of circulating cells or, in analogy to atherogenesis, from mature SMCs within the media [27] . The identification of EPCs in the bone marrow and in the circulating blood has demanded a reconsideration of traditional vascular biology.
Following the discovery of EPCs in 1997 [28] , numerous classes of bone marrow-derived circulating cells have been termed EPCs. Although functional assays have been systematically introduced and the pattern of expression of surface markers characterized, a unifying definition of EPC has not emerged. Substantial differences in the colonyforming protocol have resulted in the generation of unrelated cell populations, including blood island-like clusters of differentiating ECs [28, 29] and hematopoietic cells forced by culture conditions to form ECs [30] but failing to generate vessels in vivo [31] . Importantly, mononuclear cell adhesion to matrix substrate-coated dishes results in enrichment for monocytes, which express EC markers but cannot be equated to EPCs [31] . Based on these findings, the alternative hypothesis has been raised that monocytes-macrophages may regulate the angiogenic response in vivo and, therefore, have been defined circulating angiogenic cells. Finally, the evolution of mononuclear cells in culture has been monitored over time and early outgrowth colonies mostly composed of hematopoietic cells have been distinguished from late outgrowth colonies prevalently formed of ECs [32] .
Similarly, the analysis of the surface phenotype of putative EPCs has not provided a definitive answer concerning their identity. Originally, it was assumed that the combination of hematopoietic and endothelial markers was a hallmark of EPCs but the concomitant presence of these epitopes identifies both blood-forming cells and EC-generating cells. Available data have critically been analyzed in a recent review [31] leading to the conclusion that functional EPCs correspond to cells that do not express CD45, CD14, and CD115, do not ingest bacteria, display high proliferative potential at a clonal level, form tubules in co-culture with lung fibroblasts, or generate de novo vessels in vivo [31] . A standardized series of in vitro and in vivo assays has been proposed to establish the criteria required for the recognition of bona fide EPCs [see ref. 32 ; Table 1 ].
Although there is a disagreement concerning the magnitude of the process, migration and homing of putative EPCs to regions of damage have been shown to contribute to EC turnover and vessel growth [28] , providing an alternative mechanism of vessel repair [33] . EPCs form an endothelial lining in vascular grafts and on the surface of left ventricular assist devices. EPC number is inversely correlated with cardiovascular mortality [30] , suggesting that these cells promote vasculogenesis [33] . However, EPCs cannot prevent or correct atherosclerotic lesions, or generate conductive and resistance coronary arteries.
A fundamental issue in need of resolution is the identification of a niche located in the bone marrow or in the vessel wall that regulates the growth, commitment, and migration of EPCs. In the absence of this information, the origin of these cells and their actual relevance for vessel formation in physiological and pathological conditions may be difficult to establish. Moreover, it remains unclear whether EPCs possess the ability to transdifferentiate into SMCs and form coronary arterioles. The beneficial effect of EPCs and unselected bone marrow cells on the evolution of the post-infarcted heart has been attributed mostly to enhanced capillary density and to a lesser extent to the formation of SMC-covered vessels and cardiomyocytes [34] . The claim has been made that human aortic endothelial cell lines contain a subpopulation of EPCs [35] but the existence of these cells in vivo and their relevance for vessel homeostasis and repair remains to be shown. Cells with hemangioblast-like characteristics have been found in human and mouse adult tissues suggesting that the hemangioblast is not a transient cell population which is present exclusively during the development [36] .
Similarly, stem cells with hemangioblast or mesoangioblast features have been isolated from the peripheral blood, bone marrow, and adipose tissue [37] . These cell classes differentiate in vitro in endothelial cell and hematopoietic lineages and form new vessels in vivo. Additional experimental evidence suggests that the subendothelial region, the adventitial layer of the vascular wall, and the pericyte fraction harbor several multipotent stem/progenitor cells, including mesenchymal stromal cells, HSCs, and SMC progenitors [37] . However, the existence of vascular stem cells which possesses the fundamental properties of stemness-clonogenicity, self-renewal, and multipotentiality-and reside within structures with the architectural and molecular organization of stem cell niches has not been proven yet. The possibility that progenitor cells reside in the vessel wall and contribute to the homeostasis of coronary vessels and vasculogenesis has only recently been considered [38] .
Coronary vascular stem cells
Based on the characteristics of tissue specific adult stem cells, vasculogenesis may depend on the growth and commitment of stem/progenitor cells distributed in the vessel wall. In an analogy to stem cell-regulated organs, vascular niches are expected to be composed of quiescent VSCs that following the activation leave the niche area and give rise to highly proliferating transit-amplifying cells which differentiate into SMCs, ECs, and adventitial fibroblasts. The localization of VSCs in the wall may correspond to the vasculogenic zones, which include the subendothelial region, the interface between SMCs and the advential layer, and the periadvential area (Fig. 1) . A fundamental question concerns whether the human coronary circulation is regulated by a resident VSC or whether the coronary system is an organ permissive for vascular repair mediated by exogenous cells originated from the bone marrow. The acquisition of this information requires the documentation of vascular niches and the identification of the mechanisms of division of VSCs. Moreover, it has to be established whether VSCs are able to repair discrete areas of intimal and medial damage and/or generate a biological bypass integrated structurally and functionally with existing coronary vessels. The possibility that the homeostasis and growth of the coronary circulation in humans is modulated by VSCs is supported by heart embryology. The distinct embryonic origin of cardiomyocytes and coronary vessels supports the notion that the adult heart may contain two populations of highly immature By this approach, it was possible to document that vascular niches are distributed throughout the coronary circulation [38] while myocardial niches occupy the interstitial space in the myocardium [39, 40] . Vascular niches, composed of clusters of cells expressing c-kit, have been identified in epicardial coronary arteries, arterioles, and capillaries (Fig. 2) . In all cases, VSCs express KDR, but are negative for CD45 and tryptase excluding their bone marrow origin and the contribution of mast cells to this cell pool. VSCs are located in the intima, media, and adventitia of different classes of coronary vessels of mice, rats, dogs, and humans [38] . The gap and adherens junction proteins connexin 43 and N-cadherin are expressed at the interface with ECs, SMCs, and fibroblasts, suggesting that these cells may function as supporting cells.
Cell-to-cell communication is a regulatory mechanism of CSC function [40] [41] [42] . Electrical and metabolic coupling via gap junctions plays an important role in the growth behavior of primitive cells. In several organs, gap junctions favor replication, migration, and maturation of progenitor cells. A latent network of gap junctions formed by connexin 43 is present between quiescent HSCs and stromal cells; this system is upregulated during HSC division modulating clonal growth [43] [44] [45] . Connexin 43 deficiency impairs hematopoiesis and embryos lacking connexin 43 have a lower number of HSCs [43] . Moreover, the distribution of connexins defines the functional domains of actively dividing neurogenic precursors [46] . A similar mechanism is operative in cardiac niches [40] and in vascular niches [38] . Dye transfer assays are commonly utilized to establish coupling between cells [43] . VSCs have been shown to form functional gap junctions with ECs, SMCs, and fibroblasts. Collectively, these observations point to the presence of an unsuspected VSC located within the wall of coronary vessels distinct from the previously identified CSCs which are distributed within the myocardium. Human VSCs are negative for hematopoietic markers and various markers of cardiovascular lineages. When plated in single wells, VSCs form multicellular clones composed of cells positive for c-kit and KDR [38] . Clonogenic VSCs exposed to differentiating medium express transcription factors and cytoplasmic and membrane proteins specific to vascular ECs and SMCs, and, to a lesser extent, myocytes. With respect to the previously identified CSCs, VSCs form 4.9-fold more SMCs and 5.7-fold more ECs. Stem cells divide symmetrically and asymmetrically, and these growth patterns are controlled, respectively, by uniform and non-uniform distribution of the cell fate determinants Numb and α-adaptin [38, 39] . VSCs have the ability to divide symmetrically giving rise to two daughter stem cells and asymmetrically forming one daughter stem cell and one daughter committed cell that express Ets1 or GATA6. Thus, VSCs are self-renewing, clonogenic, and multipotent in vitro; they are stored in vascular niches and may possess specialized functions devoted to the turnover of ECs and SMCs and vasculogenesis. The lack of bone marrow epitopes on the VSC surface, the presence of sites of storages in the vessel wall, and the ability of VSCs to divide asymmetrically strongly suggest that coronary VSCs reside in the heart. Although it cannot be excluded that primitive cells migrate from the bone marrow and home to the coronary vessel wall, the restoration of the integrity of the coronary vasculature and its regeneration appears to depend mostly on a resident pool of immature cells.
In these studies, an effort was made to identify stem cells with potential therapeutic import in humans, precluding the use of a lineage tracing approach. Fate mapping strategy, which is commonly employed to track the origin of cells and their destiny, would represent the ideal retrospective assay for the study of vascular turnover when the expression of the fluorescent label is placed under the control of the promoter of genes coding for specific proteins. However, this protocol provides information at the level of populations of cells which share the reporter gene but fail to demonstrate in vivo the self-renewal, clonogenicity, and multipotentiality of single progenitor cells. This inherent limitation makes it impossible to establish with certainty the identity of the ancestors of ECs and SMCs [47] .
An alternative retrospective protocol is based on the stable integration of proviral integrants in the genome of the infected cells. The insertion site of the viral genome is inherited by the entire population derived from the parental cell [48] . After the viral sequence is integrated, the progeny of the single infected cell is characterized by the inherited genomic region. Clonal tracking of individual mouse and human c-kit-positive CSCs has documented that these cells possess the fundamental properties of stem cells in vivo under physiological conditions and following an injury. By this approach, the existence of a direct link between human CSCs and their committed myocyte progeny has been demonstrated [48] . This strategy remains to be applied to the characterization of VSCs.
Gene expression profile of coronary VSCs
Analysis of the transcriptome allows the recognition of genes expressed differentially in stem cell classes and helps to identify divergent patterns and functional background as well as specific signaling pathways that could be activated to promote stem cell growth or differentiation. The selfrenewal property of stem cells is regulated by a multitude of genes, including FGF4 and telomerase [49, 50] . Among the self-renewal genes, FGF4, telomerase, Myst1 and Myst2, and Sox1 are represented equally in VSCs and CSCs but whether this molecular characteristic is sufficient to control the kinetics of these stem cell classes, favoring in both cases the generation of daughter stem cells could not be established. However, GDF3 is higher in CSCs than in VSCs. GDF3 is part of a group of genes that flank Nanog, forming a chromatin loop of regulatory elements. The integrity of this region of the genome is maintained by Oct4 and is essential for the preservation of self-renewal in embryonic stem cells [51] .
Sox2, c-Myc, Klf4, and Oct4 reprogram the growth and differentiation behavior of adult somatic cells and govern the proliferation and pluripotency of embryonic stem cells [51] . Their expression is comparable in VSCs and CSCs, suggesting that these two stem cell classes possess similar levels of plasticity and that stemness and multipotentiality may be regulated by the same group of genes. Genes that modulate asymmetric division Numb, Pard6A, and Prox1 are uniformly present, ensuring the ability of VSCs and CSCs to self-renew, and create adequate progeny. Multiple cell cycle regulators, including cyclins D1, D2, A2, and cdc2 and cdc42 show comparable levels of transcripts in VSCs and CSCs. These data at the molecular level are consistent with the functional assays performed in vitro and in vivo. The long-term proliferative potential of VSCs and CSCs, together with their ability to undergo asymmetric division, indicates that both cell categories possess high intrinsic self-renewal ability.
However, vascular-restricted genes and myocyte-specific genes appear to be poised for expression in VSCs and CSCs, respectively. The mRNA quantities of the EC transcription factor Vezf1, vascular adhesion protein VCAM1, and the EC markers eNOS [52] , vWf, and multimerin [53] are higher in VSCs than those in CSCs. Similarly, transcripts for GATA6 and contractile proteins α-SMA, SM22α, and smoothelin [54, 55] are more expressed in VSCs than in CSCs. Conversely, CSCs show increased transcripts for Nkx2.5, β-myosin heavy chain, and myosin heavy chain 7b [56] . Thus, VSCs and CSCs manifest a preferential lineage potential; specific cell phenotypes became apparent when commitment was induced.
Among the transcripts of the Notch pathway, the Deltalike 3 ligand and the downstream regulator DTX1 are more abundant in CSCs than VSCs, respectively. Importantly, the Notch1 receptor is a critical determinant of the transition of CSCs to amplifying myocytes [57] . Two genes relevant to vascular cell turnover and repair, PPAR-γ and Klf5, are upregulated in the VSCs. PPAR-γ is present in ECs and SMCs and is implicated in vessel homeostasis [58] , whereas Klf5 is expressed abundantly in vascular structures during development and in response to injury [59] . These findings at the transcriptional level, together with the data at the protein level at baseline and after differentiation are consistent with the notion that VSCs and CSCs are separate classes of progenitor cells with distinct biological properties and specific independent functions (Fig. 3) .
Vessel regeneration
Resident c-kit-positive CSCs have been shown to possess a great regenerative ability in experimental models of the human disease [3, 39, [60] [61] [62] . However, the vasculogenic potential of CSCs is restricted to the formation of capillary vessels and small resistance arterioles. During tissue repair, CSCs acquire predominantly the cardiomyogenic fate while vessel growth is modest and strikingly inferior to myocyte formation. Successful interventions for the treatment of CAD require the generation of large conductive arteries which may be achieved by a pool of stem cells with specific vasculogenic properties. Critical stenosis of the left anterior descending coronary artery (LAD) in dogs mimics the development of ischemic cardiomyopathy in humans representing the ideal animal model for the assessment of the vasculogenic properties of VSCs. Importantly, a significant increase in coronary blood flow (CBF) at rest or after stressful conditions does not occur in dogs with critical stenosis, in which the generation of collaterals never results in the restoration of CBF in the presence of an occluded major coronary artery [63] .
Thirty days after the delivery of human VSCs in proximity of the stenotic vessel, a slow return of CBF was observed after release of the transiently occluded LAD, suggesting the formation of coronary vessels in the presence of critical stenosis. These changes in CBF were not dictated by perfusion of the occluded LAD but by the vessels generated around the affected artery. Histologically, large and intermediate newly formed coronary arteries together with resistance arterioles and capillary structures were identified. Vasculogenesis involved all components of the coronary circulation from vessels <100 μm to 1.5 mm in diameter, pointing to vessel regeneration as the mechanism of enhanced CBF and tissue oxygenation in the potentially ischemic myocardium. Importantly, VSCs did not integrate in pre-existing nonfunctional collateral vessels, contributing to their maturation in working vascular structures. The newly formed conductive arteries were made exclusively of human SMCs and ECs, which were the progeny of the injected cells. These functional and morphological observations strongly suggest that the regenerated large conductive coronary arteries were connected with the LAD above the site of constriction, as previously demonstrated in the rat model of coronary occlusion [64] , creating a biological bypass. The improvement in CBF was coupled with increased segment length function in the ischemic myocardium where a thin layer of human cardiomyocytes was detected in the epicardial surface.
The functional integration of regenerated vessels has been documented in a small animal model of myocardial infarction by two-photon microscopy. In a manner similar to KDR-positive VSCs, CSCs activated in vitro with IGF-1 and HGF prior to their delivery to the infarcted rat myocardium [64] regenerate conductive, intermediatesized, and small coronary arteries and arterioles together with capillary structures in vivo. To determine whether new coronary vessels are connected with the aorta and the existing coronary circulation, an ex vivo preparation has been used in which the heart is perfused through the aorta with rhodamine-labeled dextran. This molecule does not cross the endothelium, and it allows the visualization of the coronary vasculature by two-photon microscopy [62] . Newly formed and pre-existing vascular structures can be distinguished based on the presence and absence of the green fluorescence of EGFP. By this approach, large coronary arteries and their branches have been identified within the epimyocardium, border zone, and scarred myocardium of the infarcted rat heart. A direct connection has been recognized between pre-existing and generated coronary vessels documenting the integration of temporally distinct, old and new, segments of the coronary vasculature. Thus, VSCs and CSCs may be employed for the reconstitution of damaged myocardium and defective coronary vessels (Fig. 4) .
Signaling pathways regulating coronary vessel formation
A relevant question concerns whether changes in the cardiac microenvironment created by coronary occlusion influence the differentiation of resident progenitor cells into vascular SMCs and ECs, leading to the formation of coronary vessels. Potential candidates include the hypoxiainducible factor 1α (HIF-1α), which is a transcriptional regulator of the stromal-derived factor 1 (SDF-1) chemokine [65] . HIF-1α and SDF-1 are upregulated with ischemia and correlate with the oxygen gradient within the tissue [65, 66] . Following coronary artery occlusion, the expression of HIF-1α and SDF-1 significantly increases at the border of the infarct and within the infarct [64] . HIF-1α is present in myocyte, EC, and SMC nuclei, whereas SDF-1 is restricted to ECs and SMCs within the wall of coronary vessels. Importantly, IGF-1 and HGF enhance the expression of HIF-1α transcript and protein, and the formation of 
Conclusions
The pharmacological and surgical management of patients affected by CAD has improved significantly in the last three decades [69] , but, despite these advances, morbidity and mortality for ischemic cardiomyopathy continue to increase and parallel the extension in median lifespan of the population [70] . Bypass surgery and catheter-based reinstitution of CBF have been introduced successfully, but these interventions correct only in part the vascular defects and are limited by the number of surgical grafts, the possibility of re-stenosis, and the complexity of re-intervention in high-risk patients [71] . Moreover, cardiac transplantation for end-stage ischemic cardiomyopathy has age restriction and is limited by the small number of donor hearts. These variables underscore the need for the development of new strategies for the management of coronary atherosclerosis in humans.
Prevention of the development of CAD involves the restoration of the integrity of the vessel wall through the activation of resident vascular progenitor cells which differentiate into ECs and SMCs. Resident human VSCs form large conductive coronary arteries and their distal branches, correcting, at least in part, alterations in blood flow created by prolonged coronary constriction in chronically instrumented conscious dogs. This degree of vasculogenesis replaces partly the function of the occluded coronary artery and its distal branches and improves myocardial perfusion, positively interfering with the development of the post-infarction myopathy. Blood flow to the myocardium can be enhanced only by the formation of arteries and arterioles, whereas capillaries control oxygen diffusion but have no influence on flow regulation [72] .
The documentation that undifferentiated cells with angiogenic properties reside in the heart challenges the notion that the bone marrow is the exclusive reservoir or source of stem cells for therapeutic angiogenesis. Moreover, there is no evidence that EPCs or bone marrow cell subsets can form large conductive arteries pointing to KDRpositive VSCs or activated CSCs as the cell of choice for biological coronary bypass. Cell therapy with the generation of coronary vessels by human bone marrow cells has been obtained previously, but this has been restricted to capillary profiles and occasionally small resistance arterioles, which enhance tissue oxygenation but have little impact on flow regulation. From a clinical perspective, the regeneration of large conductive arteries may require the local administration of VSCs, whereas intracoronary and intramyocardial injection of CSCs may be equally effective in promoting myocyte regeneration. Preclinical CAD may be cured by the activation or administration of VSCs that may reverse atherosclerotic lesions. If remodeling of preclinical atherosclerosis can be achieved, true primary prevention of CAD would be accomplished and acute coronary syndrome with sudden cardiac death, myocardial infarction, and ischemic cardiomyopathy would be dramatically reduced.
